Persistent bubble accumulation during the oxygen evolution reaction (OER) can effectively block catalytically active surface sites and reduce overall system performance. The OER is an essential half reaction with relevance to metal-air batteries, fuel cells, and water electrolysis for power to gas applications. The renewable energy sector could benefit from the identification of surface morphologies that can effectively reduce the accumulation of bubbles on electrocatalytic surfaces. In this work, regular dimpled nickel (Ni) features were prepared to investigate how electrode morphology and, therefore, its roughness and wetting properties may affect the efficiency of the OER. The dimpled Ni features were prepared using spherical poly(styrene) (PS) templates with a diameter of 1 µm. The electrodeposition against regular, self-assembled arrays of PS templates was tuned to produce four types of dimpled features each with a different depth.
Introduction
The accumulation of bubbles on the surface of electrodes during the oxygen evolution reaction (OER) presents a problematic physical resistance that can become even more persistent with highly active electrodes. The identification and development of surface morphologies to assist in the evolution and removal of oxygen bubbles from electrode surfaces could enhance the efficiency of the OER. In this work, regular arrays of dimpled nickel (Ni) features were prepared to investigate how electrode morphology may affect the efficiency of the OER. The OER is a fundamental electrochemical process utilized in several clean energy technologies, such as in metal-air batteries, 1 water electrolyzers, 2 and fuel cells. 3 Improving the efficiency of the OER could increase its utility in the renewable energy sector through a reduction in the operational costs per kW. For instance, in large-scale applications of water electrolysis, the applied potential needed to drive the reaction is much higher than what is theoretically predicted (e.g., >1.23 V at 25 o C). 4 The overall efficiency of commercially available electrolysis devices remains between 59 and 70%. 5 Delayed reaction kinetics and inherent resistances, specifically at the anodic working electrode where the OER takes place, are known to cause these less than ideal efficiencies.
Recent work to improve the OER performance has focused on identifying catalyst compositions that are more active based on mixtures of first-row transition metals (e.g., Ni, Fe, Co, Mn). 6 These earth abundant metals are relatively stable in harsh, alkaline conditions and have demonstrated lower overpotentials than industrial research standards (IrO2 and RuO2) 7, 8 making these catalysts attractive for use in commercial devices. Relatively low overpotentials have been demonstrated for NiFe thin film catalysts. [8] [9] [10] In recent work by Zhao et al.,
mesoporous NiFe nanosheets were electroplated onto a macroporous Ni foam. 10 The authors concluded that the observed enhancements in the OER activity were a result of the hierarchical structure. The rippled NiFe nanosheets, with a thickness of 10 nm, formed a mesoporous structure (~50 to 100 nm in length, with a separation of ~50 nm between the nanosheets), which was hypothesized to improve the wetting properties of the Ni foam as oxygen bubbles were not seen to accumulate on the electrode surfaces. Large oxygen bubbles were efficiently removed from this catalyst through the macroporous channels throughout the foam. Although the work of Zhao et al. highlighted the utility of accessing a morphology that contains more than one sizedomain, it remains unclear if there are optimal geometric dimensions that may promote removal of oxygen bubbles from electrode surfaces. It is, however, known that roughness and wettability both influence the behavior of bubbles on electrode surfaces. For example, increasing the hydrophilicity of electrode surfaces can enhance bubble removal through more favorable interactions with the electrolyte that decrease the solid-liquid surface tension. 11, 12 The wettability of a material can be controlled through modifications of its surface roughness. Experimental studies have shown that highly roughened or textured surfaces can demonstrate a high degree of wetting, as described by the Wenzel model. 13, 14 In the work of Ahn et al., surface roughness of Ni was tuned by varying the electrodeposition potential. 12 Four types of roughened electrode surfaces were produced on Ni electrodes each with a different root mean squared (RMS) roughness. The RMS roughness was tuned ranging from ~12 nm to ~52 nm.
Improved OER activity was correlated to a decrease in the solid-liquid surface tension with increasing surface roughness. The roughest surface exhibited a needle-like morphology, which was observed to release bubbles with a smaller diameter than the other types of electrodes as determined from photographs acquired during chronoamperometry (CA) measurements.
Although the authors reported a smaller bubble break-off diameter and inferred a smaller bubble overpotential for those needle-like electrodes, the investigation did not account for the differences in active surface area for each type of electrode when assessing their performance for the OER. In work by Zeng et al., modifications to Ni electrodes were made by mechanical polishing with three different types of sandpaper, each with a distinct grain size or grit. 15 Roughness of the electrode surfaces was used to evaluate their efficiency for the hydrogen evolution reaction (HER). The lowest overpotentials were exhibited by Ni surfaces polished with the coarsest sandpaper (~35 µm-diameter grains), which had the highest roughness factor as estimated by impedance spectroscopy measurements. The improved performance of these electrodes for the HER was attributed to their larger active surface area. It was suggested that if the electrochemically active surface area (ECSA) of the Ni could be accurately determined the electrodes would each have similar activities. The effects of surface morphology can be difficult to discern without accounting for the true surface area. Many electrodes with a roughened surface morphology have exhibited an improved electrocatalytic activity, but very few studies have simultaneously demonstrated control over geometric surface features. [16] [17] [18] [19] In the absence of controlling the surface geometry, it is difficult to determine with absolute certainty what the specific contributions are from each factor that influences the observed enhancement in activity.
For example, the morphological effects will be difficult to distinguish from the ECSA enhancements without accurately accounting for the surface geometry of the features. Our aim here is to precisely control surface morphology of Ni electrodes by preparing features with regular dimensions that enable an assessment of the correlation between the OER activity, the surface area, and the structure of the surfaces of these electrodes.
In this work, we prepared Ni electrodes that contained regular arrays of dimpled features on their surfaces. The surface morphology of these electrodes was tuned, creating a series of electrodes with well-defined changes in surface area and geometry. The electrochemical efficiency of each of these structured electrodes was evaluated against a planar Ni electrode also prepared by electrodeposition. Micrometer-scale dimpled features were selected to evaluate their impact on oxygen bubble growth and coalescence, as well as to evaluate how a dimpled morphology may influence the performance of the OER. A series of Ni electrodes each with arrays of dimpled features were created by combining the self-assembly of spherical poly(styrene) (PS) templates onto planar Ni electrodes and the electrodeposition of Ni around these spherical templates. The PS templates were selectively removed from the textured Ni surfaces by dissolution in an organic solvent. The geometric dimensions and roughness of these dimpled Ni structures were characterized before and after the electrochemical measurements by scanning electron microscopy (SEM), atomic force microscopy (AFM), and water contact angle (WCA) measurements. Elemental compositions of the dimpled Ni surfaces were analyzed by Xray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). Electrochemical properties, including efficiency towards the OER, were assessed by cyclic voltammetry (CV), linear sweep voltammetry (LSV), and CA measurements.
Results and Discussion

Motivations for an Investigation of a Regular Dimpled Electrode Morphology
The formation of intentionally designed microstructures that can more effectively nucleate and evolve oxygen gas bubbles is important for electrolytic processes. 20 In general, it is recognized that gas bubbles tend to nucleate in micro and nano-cavities on electrode surfaces, 21 but less is known about whether there is an optimal geometry and dimension of these cavities.
Previous work in catalytic-based micro-motors have also shown that bubbles preferentially nucleate on concave features rather than on convex features. 22 It is understood that bubble nucleation requires supersaturation of O2 to overcome the surface tension of the electrolyte medium. 21 Concave cavities that contain pre-existing or trapped bubbles could, therefore, serve as the initial sites for bubble generation. [23] [24] [25] It is also possible that cavities with a confined geometry may experience a faster increase in the local concentration of O2 during the early stages of electrocatalytically driven oxygen evolution, achieving supersaturation and bubble coalescence faster than flat surfaces. 26 Concave structures may act to provide sites of increased bubble production, but these sites could become problematic if the bubble cannot easily vacate from the surfaces. The forces that dictate bubble detachment would have to be carefully tuned in order to appropriately use concave geometries as bubble production sites. 21 The series of regular dimpled features presented in this work were used to investigate how concave geometries with varying degrees of confinement influence the electrocatalytic evolution of oxygen gas.
A series of dimpled Ni surface features were prepared and evaluated for their impact on the efficiency of the OER. In this study, regular dimpled surface features were compared as a function of changes in their morphology since, as discussed above, previous work has suggested a preferential nucleation of bubbles in concave features. 22, 26 Although we are not able to discern bubble nucleation, the dimpled features enable an investigation into how these cavities influence the dynamics of bubble growth and detachment through electrochemical analyses. A series of four distinct concave features, each with a different degree of confinement as determined by their height and the nominal diameter of the opening into each dimpled feature, were produced from the same PS template (Figure 1 ). For example, the dimples with the tallest features exhibited the highest degree of confinement. These four types of dimpled features were compared to planar Ni electrodes. The dimpled features were prepared by the electrodeposition of Ni against 1.0-µm diameter spherical PS templates. The PS templates were subsequently removed, revealing dimpled Ni features on the surfaces of the electrodes. Micrometer-scale PS templates were selected to test the lower end of the microscale, specifically targeting features greater than the nanoscale and less than macroscale foams previously studied in the literature. 27, 28 The PS spheres were specifically chosen as the template due to their relatively uniform size distribution, spherical morphology, and ease of use in self-assembly processes to prepare well-ordered arrays of these templates. The PS templates provided a platform to systematically produce regular arrays of dimpled textures on the Ni electrodes with fine-tuned feature heights to change the degree of confinement. Modifications to the surface morphology with electrochemical processing and aging of the Ni electrodes were also easily discerned due to the regularity of these surface features.
Formation of Regular Dimpled Features in Ni Surfaces
The regular dimpled features were prepared by electrodeposition of Ni around a twodimensional self-assembled array of spherical 1.0-µm diameter PS templates. The experimental methods for the formation of regular dimpled features can be found in the Supporting Information file. The protocol for the self-assembly of the PS spheres was adapted from Moon et al. 29, 30 Spherical PS templates can readily form close-packed monolayers at an air-water interface, which can be transferred to an electrode using a lift-out method. Assembly of PS spheres at an air-water interface was selected as the method to prepare the arrays of templates for several reasons: (i) a uniform close-packed assembly quickly forms at the air-water interface; (ii) the assembled PS template is easily transferred to a solid support by a lift-out process; (iii) the self-assembly procedure favors the formation of a monolayer; and (iv) several substrates can be coated with the PS templates obtained from a single assembly at the air-water interface. Using this method, close-packed arrays of the PS spheres were quickly and reproducibly prepared on the Ni substrates ( Figure S1 of the Supporting Information, SI). The fraction of the Ni substrates covered by the spherical templates was calculated to be 67 ± 2%. Electrodeposition of Ni around these spheres was used to prepare a series of textured, regular Ni surface morphologies. Reproducing the shape and locations of the peak in the growth curves largely depends on the uniformity of the assembled polymer templates and variations in the resistance of the exposed surfaces, such as from variable coverage with surfactants (e.g., PVP). The observed current response in Figure 2 is representative of the general shape of other growth curves, and reflects the variable path of mass-transport that occurs during electrodeposition around the PS templates.
The current decreases until reaching 130 s, upon forming the 1/3 structures due to a decrease in the electrode surface area exposed to the electrolyte between the adjacent PS spheres. Diffusion of electrolyte to the electrode is restricted for the 1/3 structures because of the decreased volume of electrolyte in proximity to the electrode, and the restricted diffusion of electrolyte through the narrow channels between the close-packed spheres. It is estimated that the current density within these narrow channels upon reaching point b in Figure 2 
Morphology of Regular Dimpled Features Before Electrochemical Testing
The morphology of the dimpled Ni surface features were evaluated by SEM after removal of the PS templates. Distinct morphological features are observed by SEM ( Figure 1 ).
The average height of the dimpled features was determined by measuring the average radius, a, of the dimpled features with a 0 o tilt (Table 1) and applying a spherical cap model (Section S1 in the SI). The mean radii of the opening into the confined features varied between 430 and 500 nm giving heights between 245 and 737 nm ( Table 1 
Electrochemical Aging of the Ni by Cyclic Voltammetry
The regular dimpled Ni electrodes were aged by cyclic voltammetry (CV) until achieving a consistent electrochemical behavior prior to performing a series of electrochemical tests. The electrodes were assumed to be in a steady-state condition once the current of the anodic peak varied at most by 10 µA over ~50 consecutive scans. This method of electrochemical aging by CV was done to ensure that the Ni phases present at the dimpled surfaces had a minimum variability between the samples. 19 The potential applied to the electrodes while immersed in high scanning as water, protons, electrons, and hydroxide ions are transported to and from the bulk electrolyte throughout this redox process. [34] [35] [36] The suggested redox process starts with the removal of protons from the β-Ni(OH)2 prior to oxidation and formation of the β-NiOOH species. 34 These protons combine with hydroxide ions to form water at the interface between the electrode surfaces and the electrolyte. Upon reduction, the dissociation of water molecules produces protons that diffuse back into the structure, while hydroxide ion electrolyte is driven out of the surfaces with the change in structure. The redox processes are kinetically limited, but is facilitated by the applied potential and diffusion of the electrolye. 37 The growth of the β-Ni(OH)2/β-NiOOH phases on the surfaces of the electrodes, or the formation of the layered double hydroxide (LDH) phase, is reflected by a shift in the anodic and cathodic peak potentials to higher and lower potentials, respectively, and an increase in the current density. 32, 37 Additional CV plots for the planar Ni, 1/3 structures, 1/2 structures, and 3/4 structures can be found in Figure S3 . Achieving a steady-state condition for Ni-based electrodes indicates that the relative amount of reduced β-NiOOH and oxidized β-Ni(OH)2 are no longer changing with each consecutive CV scan. Since the β-NiOOH is considered to be the active phase responsible for the OER activity of Ni, 38 an electrode that has been aged to form a uniform and stable β-NiOOH phase was desired to assess the electrochemical efficiency of each type of dimpled electrode. Diffusion effects can play a role in the characteristics of the CV scans, especially if convective mass transfer of electrolyte is not imposed by another means, such as the stirring of electrolyte. 39 Diffusion limited effects of the electrolyte are more pronounced at high CV scan rates, which can cause a distortion in the features observed in the CV plots. 40 Anodic and cathodic peaks observed in the CV plots can be more prone to distortion when several proton-coupled electron transfer steps are needed to complete a reaction, such as in the OER. 41 The use of fast CV scan rates typically require the use of a microelectrode to minimize changes in the resistivity of the system due to contributions that otherwise result from localized transport limitations, and specialized potentiostats are used to minimize peak distortion. 42 These specialized potentiostats are typically equipped with large bandwidth capabilities, high-speed amplifiers, and the capacitance from the system is reduced by elimination of excess switches. In this work, relatively slow scan rates (50 mV/s, Figure S3 ) were used to acquire a series of CV scans to better visualize the evolution of the anodic and cathodic peaks. The electrochemical aging process used a higher scan rate of 100 mV/s. After every set of 100 scans recorded at 100 mV/s, 10 scans were recorded at the slower scan rate of 50 mV/s. The CV plots obtained at 50 mV/s enabled a comparison of the effects of the electrode surface morphologies on the near surface diffusion of the electrolyte. For example, the CV profiles for the planar Ni electrode exhibit sharper anodic and cathodic peaks than those for the electrodes with the 3/4 structures.
Hindered diffusion is likely a major cause of the progressive broadening observed for the peaks in the CV scans from the 1/4 to the 3/4 structures.
Shifts in the anodic and cathodic CV peak potentials are typical during electrochemical aging of Ni(OH)2 surfaces in alkaline media. 43 Upon cycling of the planar Ni and 1/4, 1/3, and 1/2 structured electrodes, the anodic and cathodic peaks grow in their intensity and shift to higher structures is likely due to a slower rate of electrolyte diffusion to all of the electrode surfaces because this structure has the greatest ECSA and the deepest dimpled features. Because the conversion from β-Ni(OH)2 to β-NiOOH is limited by electrolyte diffusion to all of the surfaces of the electrodes, the resistance effectively increases with progressive formation and growth of the LDH phase. An increase in the resistance across the interface of the electrodes shifts the oxidation and reduction peaks in the CV profiles as the passivating β-Ni(OH)2/β-NiOOH phases increase in thickness over the surfaces of the electrode. 37 The larger shift in peak potentials observed in the CV scans for the 3/4 structures is attributed in part to the relatively high scan rates. The 3/4 structures are more susceptible to deviation from the anticipated CV peak character with formation and growth of the LDH phase since the majority of the ECSA is confined within the recessed dimples. It is also possible that an uneven wetting of the surfaces within the 3/4 dimpled features could cause broadening of the peaks due to local variations of pH at the surfaces. 44 Furthermore, growth of the LDH phase with prolonged electrochemical aging induced a change in the surface morphology of the electrodes.
Surface Morphology After Electrochemical Aging
The surface morphology of the Ni electrodes changed after electrochemical aging with formation of the LDH phase of β-Ni(OH)2/β-NiOOH. After electrochemical aging, the arrays of dimpled features transformed into highly textured surfaces with a "flakey" appearance ( Figure 4 and Figure S4 ). The features within these new textures correlated well with the dimpled structures. The 1/4 and 1/3 structures were covered with relatively small flakes (142 ± 41 nm and 134 ± 34 nm wide ridges, respectively), while the 1/2 structures were coated with the largest flakes around 315 ± 94 nm wide and the 3/4 structures were coated with medium flakes having a width of 222 ± 52 nm. The surface morphology of the planar Ni also exhibited a textured surface morphology with electrochemical aging ( Figure S5 ). The structural transformation to the LDH phase and the corresponding increase in roughness and texture may also provide better accessibility of electrolyte to active sites on the electrode surfaces. 45 The LDH β-Ni(OH)2/β-NiOOH phase often resembles a roughened nanoscale texture on both planar electrodes and Ni hydroxide nanoparticles when examined by electron microscopy. [46] [47] [48] The textures observed in these previous studies are similar to those found on the dimpled Ni electrodes after electrochemical aging. Hydrous oxides are typically amorphous and can take on many different morphologies. Several factors can impact the morphology of these hydrous oxides, such as electrolyte concentration, pH, temperature, and in some cases the presence of other metal species or solvent molecules within the LDH phase.
6, 49 
Composition Before and After Electrochemical Cycling
The OER activity of transition metals can be influenced by many factors including their composition. The composition of the electrodes was analyzed by XPS both before and after electrochemical cycling ( Figure S6 ). This analysis enabled an evaluation of the presence of trace elements at the surfaces of the electrodes. All chemical components found in the XPS survey scans are summarized in Table S1 . the chemical state for the first-row transition metals by XPS can be challenging due to the metal 2p spectra. Plasmon loss structure, multiplet splitting, and shake-up structure can lead to complex curve-fittings required for interpretation of these spectra. 50 The XPS analysis was unable to adequately discern the presence or absence of these transition metals, which could dramatically influence the wetting and catalytic activity of the electrodes. First-row transition metals have a higher probability of Auger electron emission in comparison to X-ray induced photoelectron emission. 53 Auger electron spectroscopy was, therefore, used for analyzing the surface composition of the electrochemically aged electrodes.
The AES scan identified three prominent Ni LMM transitions at kinetic energies (KE) of 849, and their respective energies can be found in Table S2 . The absence of distinct Fe and Co peaks is a strong indication that these impurities in the aged Ni electrodes are not detectable by AES. It can, therefore, be concluded that the differences in the electrochemical properties observed between the different types of structured electrodes were not due to variations in their compositions (e.g., Fe content), but instead due to changes in their surface morphology.
Determination of the Theoretical Surface Area for Regular Dimpled Ni Features
The theoretical ECSA was calculated for the regular dimpled surface features from a morphological analysis. Parameters for this determination were obtained from the electrodes before electrochemical aging using a combination of SEM and atomic force microscopy (AFM) measurements. The roughness factor for the flat regions between the dimpled features (RAFM) was quantified by AFM for each of the structured electrodes before electrochemical aging ( Table   1 ). The mean RAFM for each electrode was calculated by averaging five separate RAFM measurements each over an area of ~0.92 μm 2 . The RAFM was greatest for the 3/4 structures (i.e.
1.6), while the lowest value was calculated for the 1/2 structures (i.e. 1.3). The surfaces inside of the dimpled features appeared to be smooth when assessed by SEM in accordance with the smooth spherical PS templates used to prepare these features. In addition, the roughness measurements inside of the dimpled features could not be obtained due to the geometric limitations of analyzing these regions using the AFM probe ( Figures S8 and S9 ). Since the dimpled features resemble the geometry of spherical-shaped cavities, a spherical cap model was used to estimate the surface areas within the dimpled features (SI, Section S1). The openings into these spherical cavities were measured by SEM, and these values were used to calculate the depth and surface area of these features. Large area SEM images for each type of electrode were used to quantify and compare the average number of dimpled features. These images were obtained over pre-defined areas of ~190 μm 2 . roughness and texture after electrochemical aging presents a challenge for using the same approach to estimate the ECSA. It is expected that the trends observed for the ECSA for the asprepared samples are maintained, but that the absolute values will be greater after electrochemical aging due to the increased roughness.
Wetting Behavior of Regular Dimpled Ni Electrodes by Contact Angle Measurements
The wettability of the dimpled Ni electrodes was characterized by equilibrium contact angle (θ) measurements obtained both before and after electrochemical aging. The dynamics of gas bubble release from the electrode surfaces can be adjusted by tuning its wettability. 4 It has been previously demonstrated that microstructures with features on the order of 20 µm and surfaces with hierarchical structures (e.g., nano-and microscale) may sufficiently modify the wetting properties and, indirectly, bubble release properties from Ni electrodes. 10, 19 Surfaces exhibiting a low surface tension (hydrophilic, θ < 90 o ) at the interface between the solid electrode and electrolyte solution can improve the OER current density in comparison to more hydrophobic surfaces. 5, 12 The as-prepared, dimpled surfaces were each similarly hydrophobic with water contact angles (WCAs) around 96, while the planar Ni had a WCA of 87 o ( Figure S10 ). The regular dimpled texture increased the hydrophobicity of the Ni surfaces before electrochemical aging. After the electrochemical aging processes, the electrodes demonstrated a high degree of wettability (Table S3) , becoming more hydrophilic. Hydrophilic surfaces with WCA close to 20
were measured for all of the dimpled and planar electrodes after electrochemical aging. The presence of the β-Ni(OH)2/β-NiOOH phases covering their surfaces, as well as the increase in their nanoscale roughness, likely facilitated the increased wettability of the Ni surfaces. [57] [58] [59] Contact angle measurements obtained using the electrolyte, 0.1 M high purity KOH, were similar to the WCA values, but exhibited even lower values for all of the samples both before and after electrochemical aging ( Figure S11 ). Stronger attractive forces between the surfaces of the electrodes and the electrolyte are responsible for the increased wettability when the solution of KOH is used for the contact angle measurements. The oxides and oxy-hydroxides on the electrode surfaces interact more favorably with the ionic basic electrolyte (pH 13) than with the slightly acidic (pH 6) deionized water used in the CA measurements. The electrode surfaces are hydrophilic after electrochemical aging, indicating that the supply of electrolyte to all surfaces of the electrodes was potentially sufficient during the OER.
Theoretical wetting models were compared to the experimental water contact angles for the electrodes obtained prior to the electrochemical measurements. A highly wetting state for a solution can be described by a Wenzel model. 13 This model can describe the complete contact between rough surfaces and a sessile droplet of liquid during the contact angle measurement. In contrast to the Wenzel state, air might be trapped underneath the liquid droplet where only the topmost features of structured surfaces are wetted with the solution. This scenario is often described as a Cassie-Baxter state. 60 The Cassie-Baxter model can be used to describe a roughened surface with chemical heterogeneity, while the Wenzel model can describe a rough surface that is chemically homogeneous. 61 An analysis using experimentally derived roughness factors indicates that these models are insufficient to describe the wetting behavior observed for properties that were the closest to a fully wetted state, but some air bubbles might also be trapped in the recesses of these relative rough surfaces of electrodeposited Ni.
A comparison of the water contact angle measurements obtained after electrochemical aging of the samples to the values predicted by the models is complex due to the enhanced surface roughness of the surfaces with growth of the LDH phase. Differences in the wettability of each of the electrodes after electrochemical aging were difficult to discern due to variations in the roughened surface textures. It was not possible to perform a reproducible characterization of the resulting surface morphologies, which were needed to obtain geometrical parameters for each of the models. A comparison of the experimental results for the aged electrodes to the values predicted by the Wenzel and Cassie-Baxter models was, therefore, not feasible. Films of β-NiOOH with similar structures to the surfaces of the aged Ni electrodes showed similar hydrophilic contact angles. 57, 59, 62 Based on the known hydrophilicity of the β-Ni(OH)2/β-NiOOH phases, it is expected that a smaller amount of air would be trapped in the dimples or on the surfaces of the aged electrodes than on the as-prepared electrodes.
Assessing the Efficiency of the Oxygen Evolution Reaction for Regular Dimpled Ni Electrodes
The efficiency of the OER was investigated by linear sweep voltammetry (LSV) for the planar Ni and the dimpled Ni electrodes. The theoretical ECSA values determined before electrochemical aging were used for normalization of the current in units of current density (mA/cm 2 ). This normalization enabled a more exact correlation of the differences in the surface morphology to their electrochemical performance for the OER. Normalizing the observed current against the theoretical ECSA, instead of using the geometrical area of the electrode, considers the additional catalytic surface area from the dimpled textures and provides a more accurate comparison of the observed activities toward the OER. Five separate LSV measurements were recorded for each electrode and the mean current densities for each type of electrode are plotted in Figure 5 . Directly following each LSV measurement, five CV scans were recorded to reestablish a stable electrochemical state. A scan rate of 1 mV/s was chosen for the LSV profiles to allow for adjustments to the mass transport in the electrolyte with changes in the applied potentials, and to minimize shifts in the peak potential. 60 The current begins to rise as the voltage is scanned past 0.7 V versus Hg/HgO for all of the electrodes. As the potential increases beyond 0.7 V versus Hg/HgO, differences in OER performance between each of the dimpled structures become more evident. The mass transport effects also become more significant at higher potentials. The influence of surface morphology on bubble formation and release will, therefore, be reflected in the current density generated at these higher applied potentials.
The performance of the dimpled Ni electrodes were further evaluated by comparing their Tafel plots. This assessment used the Tafel equation, η = b x log(j/j0), where η is the overpotential, b is the Tafel slope, j is the current density, and j0 is the exchange current density. 63 Anodic Tafel curves were derived from the data obtained from the LSV experiments ( Figure S12 ). The oxidation of Ni (II) to Ni (III) and Ni (IV) observed at ~0.53 V vs Hg/HgO was omitted from the Tafel curves. Linear fits were applied to the regions of both low and high overpotentials for each type of electrode ( Figure S13 ). The overpotential in the Tafel curves was determined by subtracting the OER onset potentials (Table S4) , which were determined from the LSV measurements acquired at scan rates of 1 mV/s ( Figure 5) . A low Tafel slope and a high exchange current density are indicative of materials with a high electrocatalytic activity. 63 A high exchange current is desired to minimize the activation overpotential for the reaction. The Tafel parameters, b and j0, were determined for both the high and low overpotential regions (Table S5 ).
The planar and 1/4 structures had the lowest slopes with similar values for the low overpotential regions indicating that they likely had similar electron and mass transfer behavior. For the 1/3, 1/2, and 3/4 structures, the Tafel slopes increase dramatically with an increase in the depth of the concave recesses, which may signify an increase in the passivation of the Ni surfaces due to an increased residence of oxygen bubbles in the recessed regions and blocking of active surfaces.
The 1/4 structures exhibited the highest exchange current densities in the high overpotential region where the rate of oxygen evolution is the highest. The dimpled features permit an examination of how the confinement within a 1.0-µm diameter cavity may influence the overall efficiency of the OER. Because the electrodes had identical compositions and were aged by a series of identical methods to achieve an assumed steady-state, the differences in performance observed at the higher applied potentials are anticipated to reflect the effects of changes to their surface morphology on the oxygen bubble behavior and mass transport. In a prior study on structure-function correlations of the OER, cylindrical recesses (~1-µm depth and 20-µm diameter) were found to have a higher activity towards the OER when compared to planar nickel electrodes. 19 The cylindrical recesses were also capable of reducing bubble adhesion under a lateral shear flow as predicted by Weber number calculations. In the case of a motionless electrolyte, confined geometries are likely to be more significantly impacted by changes in fluid dynamics from bubble-induced microconvection. 64 For example, as a bubble grows, the electrolyte is pushed outwards in a radial direction and once a bubble detachment event occurs, the electrolyte will move in to fill the volume previously occupied by the departed bubble. 65 The morphology of the electrode will, therefore, play a key role in the overall efficiency of the reaction. Oxygen bubbles may adhere to or be confined within the more deeply recessed dimpled features (e.g., 3/4 structures) leading to a decrease in the overall current density at higher potentials. Bubble nucleation within more confined surface features (e.g., within the recesses of the 3/4 and 1/2 structures) could also occur at a faster rate due to the possibility of pre-existing gas in the cavities, higher levels of supersaturation, and greater proximity to ECSA. 64, 66 These bubbles could become pinned within the recesses due to this confinement and insufficient fluid dynamics to release the bubbles. Chronoamperometry (CA) experiments were used to investigate the performance of the various types of electrodes over longer periods of time while operating at high potentials for the OER.
Chronoamperometry of Regular Dimpled Ni Surfaces
Steady-state performance of the Ni electrodes towards the OER was probed by constant potential CA experiments. An applied potential held constant for a sufficient duration of time can allow for stabilization of the reaction kinetics, adsorption processes, and mass transport. The electrodes were held at a potential of 1.2 V (vs. Hg/HgO) for 1 h to enable equilibration of these processes during the OER and to assess their long-term efficiencies ( Figure S14 ). A potential of 1.2 V was chosen because it is the midpoint between the low and high ends of the OER region in the LSV profiles. Mass transport occurred by diffusion to and from the dimpled structures with the electrode held in a vertical orientation within a stagnant electrolyte. The CA profiles in Figure 6 were each considered to reach a steady-state condition as the current densities stabilized over time. More pronounced differences were observed in the steady-state CA profiles than for the LSV experiments. These differences were attributed to the equilibration of mass transport processes related to both the electrolyte diffusion and gas evolution. The relative performance of each type of electrode largely followed the same trend observed in the LSV experiments. The larger current and the periodic changes in its amplitude as observed in the CA measurements. In fact, the planar electrodeposited regions between the recesses may improve the effects of convective mass transfer, since both the electrolyte and dissolved gas can move freely across the planar surfaces to the dimpled sites. 65, 68 The dimples in the 1/4 structures were more exposed to the lateral or free motion of electrolyte and dissolved gas than for the other dimpled electrodes, which could cause a larger number of bubbles or a larger diameter bubble to be released in accordance with the observed oscillations in current amplitude. Based on these results and the previous literature, 21, 25, 69 it is hypothesized that there may be an ideal length of time for a bubble to reside on the surfaces of the electrodes for balancing the processes associated with transport of the dissolved gas species for bubble nucleation and growth with the processes for release of bubbles from these surfaces. The curvature, diameter, depth, and spacing of the dimpled features are each likely to facilitate the processes related to the observed improvement in the OER for the 1/4 structures. warranted to investigate regular morphologies with larger features that are more equivalent to the theoretical break-off diameter of the bubbles. 70 The findings in this study encourage further investigations into additional electrode textures, as well as further development of techniques to correlate electrochemical performance with fluid dynamics at the electrode interface.
Supporting Information
The Supporting Information includes the experimental details, additional SEM images, 
